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ABSTRACT: During the last decade some major improvements were made in
models which predict the changing celerity and magnitude of a flood
wave emanating from a breached (failed) dam and propagating through
the downstream valley. Such improvements included consideration of
the breach dynamics, use of the one-dimensional equations of unsteady
flow to route the flood wave through the downstream valley, and
consideration of the effects of downstream bridge-embankments, dams,
and dead storage areas on the propagating wave. Notwithstanding this,
the predictive accuracy of such models can be subject to significant
error (two feet or more in the crest profile) due to inaccuracies in
the following: 1) the reservoir inflow computed from hydrologic
precipitation-runoff models; 2) the breach dynamics which are
estimated from previous dam failures; 3) the downstream cross-section
properties; 4) the estimated flow resistance coefficients; 5) the
neglected effects of transported debris on flow resistance and
blockage of constricted cross sections; 6) the neglected infiltration
and detention storage losses of flood volume; 7) the neglected
sediment transport effects on bottom elevation and flow resistance of
the downstream channel-flood plain; and 8) the highly turbulent flows
and complex flow patterns not adequately described by one-dimensional
flow equations.
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SOME LIMITATIONS OF DAM-BREACH FLOOD ROUTING MODELS?

By Danny L. Freadl, M., ASCE
INTRODUCTION

A flood which is caused by the failure (breach) of a dam is much
larger than any of the previous floods that originated from the
runoff of rainfall and/or snowmelt; and, its consequences are often
catastrophic if human development exists downstream of the dam. Our
ability to predict the magnitude and timing of the dam-breach flood
is of paramount importance for purposes of: 1) planning and decision
making concerning dam safety, 2) contingency evacuation planning, and
3) real-time flood forecasting.

During the last decade some major improvements were made in the
mathematical techniques (models) used to predict the continually
changing magnitude and velocity of the dam-breach flood wave.
Advancing beyond the simple, classical mathematical treatment of dam-
breach waves of St. Venant (7), Ritter (22), and Schoklitsch (24),
models were developed which by using simple storage routing concepts
considered the effects of the downstream valley friction and storage
volume on the wave's propagation, e.g., HEC (11), Snyder (25), Keefer
and McQuivey (14), Keefer and Simoms (15), and Brevard and Theurer

(2).

Other models requiring large, high-speed computers were
developed which utilized the more complex and accurate one-
dimensional equations of unsteady flow for routing the dam-breach
flood wave through the downstream valley. Included among these were
Cunge (6), Balloffet, et al., (1), Price and Garrison (19), Price, et
al. (20), Thomas (26), Fread (8,9), Rajar (21), and Chen and
Armbruster (3). Also, models of this type but considerably
simplified for use with desk calculators were developed by Sakkas and
Strelkoff (23) and Wetmore and Fread (28). Some models (9,15) also
considered the effects of other dams and/or bridge-embankments in the
downstream valley.
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Most of the models relied on the classical methods of St. Venant
and Schoklitsch to determine the magnitude of the wave at its point
of origin, the breached dam. Simple storage concepts were used to
determine its assumed triangular shape, and the formation of the
breach was assumed to take place instantaneously. The models of HEC
(11), Price and Garrison (19), Fread (8,9), and Wetmore and Fread (28)
attempted to treat the breach formation for an earthen dam more
realistically by approximating its dynamic development. Also, the
integrated effects of reservoir inflow and storage characteristics
and the downstream valley backwater on the magnitude and shape of the
dam-breach wave were considered by Fread (8,9) and HEC (1l1).

Notwithstanding the improvements in the dam-breach flood models
that have evolved over the last decade, several sources of error
still limit the accuracy of the most advanced models to predict the
magnitude and time of occurence of the flooding at any specified
location downstream of the dam. The errors are due to our inability
at the present time to accurately answer the following questions:
When will a dam fail? When and to what extent will a dam be over-
topped? What is the size, shape, and time of formation of the
breach? What 1is the storage volume and hydraulic resistance of the
downstream channel-valley? Will debris (uprooted trees, etc.) and
sediment (entrapped behind the dam and in the stream channel) trans-
ported by the flood wave significantly affect its propagation? Can

the wave be approximated adequately by the one-dimensional flow
equations?

MODEL LIMITATIONS

Comparisons have been made of several dam-breach flood routing
models (3,8,9,14,16,21,26,28) with observations from some actual dam-
breach floods, e.g., the Teton, Toccoa, Laurel Run, Buffalo Creek
floods. The comparisons Indicate that even the most advanced models
have limitations in the accuracy of the predicted flood crest
profiles. Errors are usually one to two feet or more for all of the
models, even when the actual breach geometry is specified as input to
the models. The factors which can cause errors in the prediction
accuracy of the most advanced dam-breach flood models are several.

Dam Failure. - Many times the most difficult prediction is
whether or not the dam will fail. Certainly in cases where dam
failure is caused by piping, seepage, slides, or seismic disturbances
prediction of if and when a dam will fail is not within the capa-
bility of the models. Such causes of failure constitute somewhere
between 40 and 50 percent of the total number recorded failures
(12,17). Failures caused by overtopping of the dam due to inadequate
spillway capacity total about 30 to 35 percent of the dam failures

with the remaining 15 to 30 percent classified as miscellaneous
causes.
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as the reservoir volume increases. This 1s due to the fact that
attenuation of the peak discharge becomes less as the volume of the
flood wave increases in relation to a fixed storage volume of the
downstream valley,

The first principle, the dampening of initial differences in the
peak discharge as the flood propagates downstream, enables prediction
accuracy to increase in the downstream direction.

The errors in the routed discharge may be transformed into
errors in flow depth (h), which are more meaningful, by either using
actual depth-discharge rating curves or in the following way. Let
the average cross section of the downstream channel-valley be
described as:

B = kh™ (4)
A = knht! (5)
m+1

in which B i{s the width, A is the cross-sectional area, and k and m are
fitting coefficients (see Fig., 1). Then from the Manning Equation,

h = (Q/a)® (6)
where: a = 1.49 Sl/2 k/[n(m+1)5/3] (7
b =3/(3m + 5) (8)

in which S is the channel-valley slope and n is the Manning roughness
coefficient. Using Eq (6), the following ratio may be developed:

b
ho/h = (Q/Q) | (9)

in which the subscript (e) designates quantities possessing some
error. Since the fitting coefficient m is present in Eq (9), the
general shape of the cross section as determined by m as shown in Fig
l. must be considered. An expression for the percent error in depth
(Eh) may be developed in terms of the ratio he/h, i.e.,

E, = 100 (he/h -1 (10)

and a similar expression for the percent error in discharge (EQ), i.e.,
EQ = 100 (@ /Q - 1) ‘ (1)

Furthermore, the error term (E.) may be plotted as shown in Fig. 2
against the percent error in the discharge (E,) for a range of cross-
sectional shapes. Fig. 2 shows that the relationship between Ey, and



Although overtopping can be predicted it is subject to error due
to the limitations of the hydrologic model chosen to predict the
inflow to the reservoir from rainfall and/or snowmelt. Errors in
observed or predicted areal precipitation (the primary input to
hydrologic models) is considerable. Also, the use of statistically
generated probable maximum precipitation or probable maximum runoff
1s beset with considerable uncertainties.

Notwithstanding the errors in the inflow to the reservoir, the
determination of the extent of overtopping (depth of flow over the
crest and the duration of the overtopping flow) which is required for
breaching to occur is not an inherent feature of the dam-breach flood
models. Some attempts were made to develop erosion models for
earthen dams (5,10) however, these were not very adequate. A recent
effort by Ponce and Tsivoglou (18) may hold some promise although the
difficulties of nonhomogeneity and lack of detailed data for most
earthen dams may limit the applicability of this approach. Almost
all of the dam-breach models do not address the question of when
failure from overtopping commences although a few (8,9,11) utilize a
specified depth of overtopping flow to start the formation of the
breach.

Breach Characteristics. - A significant source of error is the
size, shape, and time of formation of the breach. The few models
(8,9,11) which attempt to include the dynamic characteristics of the
breach require the user to specify the terminal width, shape and a
time of formation which is assumed linear. This information must be
obtained from historical dam failures and then applied to the dam
being modeled using sound engineering judgement by considering the
type of dam (earthfill, rockfill, concrete gravity or arch), the
dam's material properties, the cause of failure, the height of the
dam, the reservoir volume, and any other special characteristics
which might affect the breach formation. An erosion model (18) may
In certain instances increase the accuracy of the breach prediction.

Of the three breach characteristics, the shape is least
important. Time of formation becomes increasingly insignificant as
the reservoir volume becomes very large. The peak discharge (Q.)

emanating from a time-dependent breach can be approximated (28)pas:
Q% 3.1 W [¢/(r+c/D) qN)
where: C = 23.4 S_/W (2)

In which W i{s the average breach width (ft), t is the time (hrs) of
breach formation (the time in which the flow passage is enlarging), H
1s the height (ft) of the dam, and S_ is the reservoir surface area
(acres) at the dam crest. Using Egq ?1) the peak discharge can be
determined for various values of T, and the sensitivity of Q. to
errors in the time of failure can be determined readily. For example



if, t=1.5 hr, W=150 ft, S,=1936 acres, H=262 ft which approximates

the Teton dam failure, values of Qp as a function, of T are given in
Table 1.

Table 1. - Peak Discharge (Q.) Variations with Time of Failure (T)
8¢ %p

Qp(cfs) T (hr) Error(%)
1,977,589 0.0 + 26.1
1,756,766 0.75 + 12.1
1,567,817 1.5 0.0
1,263,868 3.0 - 19.3

If S, were 193,600 acres, the error for t=0. would only be +.2%;
whereas, if S, were only 193.6 acres, a 1=0., would produce a much
larger error in Qp of +487.5%.

Eq (1) can also be used in a similar manner to acertain the
effect of error in the average breach width (W). This is a most
important source of error. It is most difficult to determine for
concrete gravity dams, while its probable value for concrete arch
dams is near the full width of the dam. For earthfill dams there is

evidence (9,12) that W is somewhat correlated to the dam height (H),
i.e.,

0.5 H<W<C3H (3)

At this time the best analysis that can be achieved with such
uncertainties in the breach properties is to make two predictions,
first using a maximum probable W and minimum probable T and then
using a minimum probable W and maximum probable T. The first
produces a maximum expected downstream flooding while the second
produces a minimum expected flooding. This is illustrated in Fig. 1
in which the peak discharge profile is shown for .four different
conditions. The two lower profiles are associated with the approxi-
mated actual downstream valley (Teton-Snake River) dimensions while
the two upper profiles are for a narrow canyon (approx. 1100 ft wide)
extending throughout the 60 mile downstream reach.

Four properties of dam-breach floods are illustrated by the
profiles shown in Fig 1. First, in each case significant differences
in the predicted peak flow in the vicinity of the dam are signifi-
cantly reduced as the flood propagates downstream. Second, the
differences are more rapidly reduced for the actual valley (which is
very wide and flat having a maximum inundated width of about nine
miles) than for the narrow canyon. Third, the peak discharge 1is
rapidly attenuated as the flood advances downstream, and fourth, the
peak flow is attenuated more in the wide valley than in the narrow
canyon. These general properties are applicable to dam-failure
floods; however, the degree of trend of the first three becomes less

£~



E5 i1s nonlinear. For example, if E, = +50% and m=2.0, Eh is deter-
m?ned from Fig. 2 to be about 9.5%. The tendency for an error in
flow to yield a smaller error in depth is characteristic of all
curves in Fig. 2; this is helpful in promoting prediction accuracy of
dam-breach flood routing models. Fig. 2 is based on steady flow,
therefore it 1is strictly applicable only for discharge errors
existing after flood routing computations have been performed.

Cross-Sectional Area. - Errors to some extent are always present
in the description of the cross-sectional properties (width and area
as a function of flow depth) of the downstream channel-valley. These
are: errors in sampling, errors in field measurements, and errors
inherent in the assumed linear variation between contour intervals of
topographic maps. The first two errors are associated with the use
of field measured cross-sections while all three errors can occur

when using topographic maps for determing cross-sections for a dam-
breach flood routing model.

The cross-sectional volume error due to the sampling interval
can be eleminated if planmetered surface areas between two selected
cross-sections are used to compute the properties of an average
section placed between the selected sections. The width (E) of the
average section can be determined from a distance-weighting
relationship, e.g.,

B = (2 Sc - BIAx1 - Bzsz)/(Ax1+ sz) (12)

in which S_ is the surface area contained between contour lines of
the same elevation and located on opposite sides of the valley and
bounded on the ends by the selected sections designated by subscripts
1 and 2. Also, Ax, and Ax, are the respective distances (ft) from
the first end sect%on to t%e location of the average section, and
from the average section to the second end section. Field measured
properties of the cross section within the banks of the channel are
needed to reduce errors in this portion of the cross-section since
topographic maps do not extend below the typical water level.
However, in many cases peak dam-breach flows would have small errors

since the in-bank area is a small percentage of the flooded over-bank
area.

The error associated with the assumed linear variation between
contour intervals (Ah) is illustrated in Fig. 3. An approximate
expression for the ratio of Ae/A is given by the following:

m+1

A /A = 1.0 + 0.5 P I(m+l) (Ah/hp) (13)
_ N N
where: P=1 1 e, = 1z AAi/A; (14)
2N i=1 2N i=1
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N
I=: [{®-@-DM (15)
1=1

N = h /Ah (16)
P

in which Ah 1is the contour interval, h_ is the maximum depth in the
section from Eqs (1) and (6), AA and R are defined in Fig. 3, and
m is defined in Eq (4). A realistic maximum value for the ratio (Ae/A)
can be obtained from Eq (13) by using P = 0.4. From Eq (13) it is
seen that larger values of A_/A and therefore larger errors in the
cross-se*iional area are directly proportional to m and to the term
(Ah/h ) . The latter term represents the ratio of contour interval
to pegk depth. Therefore as the contour interval increases, the
error increases. Also, the error increases as the ratio (Ah/h_)
increases and since h_ is related to the dam height (H) throug

Eqs (1) and (16), the error increases as the ratio Ah/H increases.
The error is related Eo the cross-sectional shape by the exponent m
in the term (Ah/h )

Using Eq (6), the following ratio may be developed:
he/h = (Ae/A)5b/3 (17)

and an expression for percent error in the cross-sectional area (EA)
is given by:

E, = 100 (Ae/A - 1) (18)

The error term E, may be plotted as shown in Fig 4. against the
percent error (EA) for a range of channel shapes. The relationship
is linear for m=0 and becomes more nonlinear as m increases. As m
increases the errors become more damped, i.e., if E, = +50% and
m = 2,0, Eh is only +20%.

Flow Resistance Coefficients. - Errors in the flow resistance
coefficients are due to such factors as: (1) dam-breach flows which
are relatively large occur in previously unflooded areas; thus pre-
vious flows are not very useful in computing the flow resistance
coefficients; (2) the inundated area often contains more flow resi-
stance in the form of trees, houses, etc. which are not typical of
the resistance encountered by most normal floods; (3) the flood-plain
flow short-circuits across a meandering channel (4) causing some
additional flow resistance; (4) debris (trees, etc.) uplifted and
transported by the flood may become impinged on permanent obstruc-
tions causing additional undefined flow resistance; and (5) sediment
entrapped behind the dam and released during the failure may slightly
reduce the flow resistance when it is deposited on the flood plain (4).
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The errors associated with the first two factors may be reduced
by using a type of Colebrook-White frictional expression which sepa-
rately approximates effects of submerged and partially submerged
objects on the flow resistance (27). The computed Darcy friction
factor (f) can then be changed to the more popular Manning n
coefficient by using the relation,

_ fl/2,1/6

n /10.8 (19)

The effect that the total error in the frictional resistance
(expressed in terms of the Manning n) has on the flood depth can be
obtained by using Eq (6). Thus,

h_/h = (ne/n)b (20)

An expression for the percent error in the Manning n (En) nay be
developed, i.e.,

E_ = 100 (ne/n - 1) (21)

If En is plotted against Eh as shown in Fig. 2 it is apparent
that the relationship is nonlinear and that errors in the Manning n
(En) are dampened when transformed into errors in flow depth (Eh) as
was also the case with the errors in flow (E.). The extent of
dampening is directly proportional to the channel shape or the m
coefficient of Eq (9). The error dampening characteristic is
beneficial for the prediction accuracy of computed depths.

Errors in the Manning n will also have a significant effect on
the kinematic celerity (approximate propagation speed) of the flood
wave. Using Eq (20), the following celerity ratio can be developed:

ce/c = (ne/n)Zb/3 -1 (22)

Eq (22) indicates that errors in the Manning n will produce damped
errors in the wave celerity. For example, if E, = +50% and m = 1.0
the error in the wave celerity would be only -25%. Also, the influ-
ence of the cross-section shape factor(m) is very weak in Eq (22).
The error in celerity (EC) is plotted against the error in the
friction (En) in Fig. 5.

Debris. - Uprooted trees, demolished houses, cars, fences, and
othefwazgfig-transported by the high velocity flow associated with
the dam-breach flood cause unpredictable errors. The debris can
increase the frictional resistance coefficients. It may also
accumulate at constricted cross sections such as bridge openings
where it partially or completely restricts the flow as a temporary
dam. This occured during the infamous Johnstown dam-breach flood of
1889. At best, the maximum magnitude of this effect can only be
approximated by a dam-breach model (9) which treats the blocked
constriction as another downstream dam having an estimated head-
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discharge rating which somewhat approximates the gradual flow
stoppage and the later possible rapid increase if the debris dam is
breached. The errors in dam-breach flow predictions caused by debris
dams are not predictable since the occurrance, itself, cannot be
predicted.

Volume Losses., - Often in dam-breach floods, where the extremely
high flows inundate considerable portions of channel overbank or
valley flood plain, a measurable loss of flow volume occurs. This 1is
due to infiltration into the relatively dry overbank material,
detention storage losses, and sometimes short-circuiting of flows
from the main valley into other drainage basins via canals or over-
topping natural ridges separating the drainage basins. Such losses
of flow are most difficult to predict; usually they are neglected 1in
the dam-breach models, although the losses can be significant. 1In
the case of the Teton flood where the measured losses amounted to
about 25% of the reservoir volume, consideration of the losses (8)
decreased the routed peak discharge and depth by 50% and 31%, respec-
tively, at a cross-section which had a shape factor(m) of 0.5 and
located 60 miles downstream. The average decrease in peak discharge
and depth along the 60 mile reach were about 18% and 7%, respectively.

Sediment Transport. - Sediment entrapped behind a breached dam
may be transported along with the breach flow and deposited in the
downstream valley. In some cases (4) this can reduce the flow resis-
tance coefficient. Also, degradation of the channel bottom may occur
due to the high velocity flow emanating from a breached dam. Degrad-
ation increases the cross-sectional area of the channel; however,
since the channel area is usually small compared to the flooded over-
bank area the effect on the total flow would be small.

Complex Flow. - The highly turbulent flow in the.reach just
downstream of the breached dam may not be adequately described by the
equations of one-dimensional flow. Also, dam-breach flow that
spreads onto a very wide, flat flood plain is subject to some
computational error when treated with one-dimensional routing models.
In this case, two-dimensional models (13,29) may provide more
accuracy; however, at the present time such models are not suffi-
clently developed for practical and general application, and are
functional primarily as research tools.

CONCLUSIONS

In recent years, significant developments have been made in one-
dimensional models to predict the flooding due to breached dams;
nevertheless, even the more advanced models are limited in their
prediction accuracy. The models, when used to reproduce historical
dam-failure floods (3,9,16) in which the breach characteristics
(shape, size, time of formation) and/or the breach outflow could be
adequately approximated, produced errors of about two feet or more in
the profile of the flood crest. When the models are used to predict
future dam-breach floods, additional significant errors are intro-
duced through the prediction of the breach characteristics and/or the
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APPENDIX 2. - NOTATION

The following symbols are used in this paper:

= cross—-sectional area

= cross—sectional area with error
cross-sectional area defined in Fig. 3

= coefficient defined by Eq (7)

= cross—sectional top width

= cross-sectional top width for average section between two
end sections

= coefficient defined by Eq (8)

= coefficient defined by Eq (2)

= kinematic wave celerity

kinematic wave celerity with error

percent error in cross-sectional area

percent error in flow depth

percent error in Manning n

= percent error in flow

error in cross-section

= Darcy friction factor

dam height

depth of flow

depth with error

= depth associated with peak flow at a section
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= fitting coefficient for cross-section (scale factor)
= fitting coefficient for cross-section (shape factor)
integer defined by Eq (15)
Manning n
= Manning n with error

=]

= cumulative error ratio for cross-section area
= flow

flow with error
= peak flow emanating from breached dam
channel-valley slope
= surface area of reservoir at height of dam

JoyPe)
P v o .o ol
I

w

S. = surface area of downstream valley reach between two end
sections
W= average width of breach
AA, = cross-sectional area (error)
Ah = contour interval
Ax = distance between end section and average section
T = time for breach formation
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breach outflow. Perhaps the greatest error in many applications is
determining if indeed a dam will be breached. Other errors in the
predicted downstream flooding are due to errors in the downstream
cross-sectional volume, estimated flow resistance coefficients,
undefined effects of transported debris and sediment, undefined flow
volume losses, and complex flows that are not well-suited for one-
dimensional flow computations.

The errors associated with the breach characteristics do dampen

as the flood propagates downstream, and the degree of dampening
depends on the cross-sectional shape and the reservoir volume. Also,
the percent error in the computed flow depth is less than the percent
error in routed discharge, cross-sectional area, and/or flow
resistance. Also, there is a dampening of the error in the wave
celerity caused by error in the resistance coefficient. These error
properties aid in producing the accuracy that is now achievable with
dam-breach flood routing models.
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